Transcatheter aortic valve implantation underwent progressive improvements until it became the default therapy for inoperable patients, and a recommended therapy in high-risk operable patients with symptomatic severe aortic stenosis. In the lower-risk patient strata, a currently costly therapy that still has important complications with questionable durability is competing with the established effective and still-improving surgical replacement. This report tries to weigh the clinical evidence, the recent technical improvements, the durability, and the cost-effectiveness claims supporting the adoption of transcatheter aortic valve implantation in intermediate-low risk patients. The importance of appropriate patients' risk stratification and a more comprehensive approach to estimate that risk are also emphasized in the present report. (Circ Cardiovasc Interv. 2016;9:e002944.
S evere aortic stenosis (AS) is a common disease of the elderly. 1 In 2011, 8.5% of the population in Europe was ≥75 years of age, and this number is expected to increase to 10.7% in 2025 and 16.6% in 2050. 2 In North America, similar expansion of the elderly population is expected (2025: 8.3% and 2050: 11.8%). 2 In a large meta-analysis, a random-effects model revealed a 3.4% pooled prevalence of severe AS in the elderly (≥75 years), 76% of whom are symptomatic requiring valve replacement. 2 Although surgical aortic valve replacement (SAVR) is effective, perioperative morbidity and mortality can be significant, particularly in the elderly. Moreover, the population with the highest prevalence of aortic valve disease often finds surgery an undesirable option. 3, 4 Transcatheter aortic valve implantation (TAVI) has become the standard of care for high-risk and surgically inoperable patients with symptomatic AS. Recent years have witnessed successive technical improvements to make TAVI safer. Using smaller delivery systems, improving percutaneous access closure techniques, and rendering the valve prosthesis fully repositionable and retrievable are examples of those recent advances. 5 There has also been an increasing trend toward making the procedure simpler, gradually approaching a simplicity similar to that of typical percutaneous cardiovascular interventions. In the French Aortic National CoreValve and Edwards (FRANCE 2) registry, the parentage of TAVI procedures performed under local anesthesia increased from 14% in January 2010 to 59% in October 2011. 6 Similar trends were reported in singlecenter experiences. 7, 8 This minimalist approach was shown to be feasible and to be associated with minimal morbidity and mortality and equivalent effectiveness, 6, 9 shorter length of hospitalization, 7, 9 less contrast, 8 and lower resource use 9 when compared with the standard procedure performed under general anesthesia. Early discharge (≤3 days) after transfemoral (TF)-TAVI was also shown to be safe in selected patients. 7 The trend is, obviously, widespread, but harmonization and standardization are still awaited. Identification of the subset of patients that has a higher risk of intraprocedural morbidity requiring surgical intervention seems important to avoid the minimalist approach in such patients. To date, no dependable predictive scheme could be figured out. 10 Backed with those improvements, there is a worldwide documented shift in the treatment of AS in the elderly from SAVR to TAVI.
Taking Germany-with the highest TAVI penetration rate in Europe 11 -as an example, there has been a 20-fold increase in TAVI performance from 2008 to 2014, and the annual number of TAVI procedures already surpassed that of isolated SAVR since 2013 12 (Figure 1 ). Older age was the most frequent reason (70.2%) for the local Heart Team to select TAVI over SAVR followed by a high predicted surgical risk (53.9%). Interestingly, frailty (46.5%) and patients' wish (27.6%) were 2 important TAVI for Lower-Risk Patients With AS reasons for selecting TAVI. 12 Most importantly, in-hospital mortality after TAVI declined from 10.4% in 2008 to 4.2% in 2014 with patients in the lowest risk stratum having the lowest 30-day mortality rate (2.0%). Length of in-hospital stay remained unchanged for SAVR, but decreased for TAVI over time. 12 Baseline overall risk remains an important predictor of 30-day mortality 13 and showed, in many studies, a gradual reduction in patients considered for TAVI. 8, 14, 15 In some series, more than one third of patients routinely treated with TAVI had an intermediate-to-low risk (defined as a Society of Thoracic Surgeons-predicted risk of operative mortality [STS-PROM] ≤8). 8, 14 Notwithstanding, even after adjustment for baseline risk or in healthcare systems where the risk profile of enrolled patients remained high over time, long-term outcomes improved 8, 13 reflecting the effectiveness of the aforementioned improvements in TAVI-the procedure and the technology. In the US national (STS/American College of Cardiology [ACC] Transcatheter Valve Therapy [TVT]) registry (n=7710 patients), the median calculated STS-PROM was 7% (interquartile range, 5%-11%), with considerable intersite variation (from 1.2% to 17.4%). 16 It is, therefore, a matter of fact that the current off-label performance of TAVI in lower risk patients constitutes a significant proportion of the current practice. The aim of this report is to weigh the evidence supporting this increasingly adopted approach. Thourani et al reported the contemporary real-world characteristics of patients (n=141 905) undergoing SAVR from 2002 to 2010. 17 The majority of patients were considered at low risk (80%), and only 6.2% were stratified as being at high risk with an overall mean and median STS-PROM values of 2.95±3.71 and 1.84. 17 When outcomes in the most recent surgical era (from 2007 to 2010) were compared with outcomes from 2002 to 2006, important trends of patients' risk and outcome became evident. 17 There has been a slight increase in the average overall PROM (from 2.8% to 3.1%), whereas the overall operative mortality showed a slight improvement (from 2.7% to 2.5%) between the 2 time periods. The improvement was clearly demonstrated in patients in the intermediate-risk (6.4% versus 5.4%; P=0.002) and high-risk (14.4% versus 11.9%; P=0.0004) groups, but not in the low-risk group (1.7% versus 1.7%; P=0.54). 17 Notably, in the latter period, the rate of postoperative stroke was 1.2%, 2.3%, and 3.5%, and the rate of postoperative stroke or transient ischemic attacks was 2.1%, 4.2%, and 5.4% for those with low, intermediate, and high STS-PROM, respectively (P<0.0001, for all).
Contemporary Patients' Characteristics and Outcomes of the Default Therapy: SAVR
These results are consistent with a previous large-scale study that reported similar decreases in observed/expected mortality ratio from 1.2 in 1997 to 0.8 in 2006. 18 In Quebec, Canada, in-hospital mortality of patients undergoing SAVR before (2003 to May 2007; n=529) and after (May 2007-2013; n=1064), the introduction of TAVI showed a significant improvement (3.6% versus 1.8%; P=0.03) in spite of greater severity of several markers of risk in the latter period. 19 Data from Duke University Medical Center yielded similar impressions. 20 Patients treated with SAVR in the TAVI era (2011-2013; n=545) had similar risk (STS-PROM near 3.8%), but tended to have improved 30-day mortality (1.5% versus 2.8%; P=0.81) compared with patients treated in the pre-TAVI era (n=505).
Even in those with previous surgical valve replacement and degenerated bioprosthesis, redo valve surgery is generally associated with a good survival (9.3% at 30-month follow-up). 21 Patients with degenerated bioprosthesis at an intermediate surgical risk (The European System for Cardiac Operative Risk Evaluation [EuroSCORE], 14.4±10%) and no active endocarditis or concomitant cardiac procedure have a good outcome when treated with redo SAVR (1-year survival, 96%). 22 Young patients (<65 years) have a particularly favorable long-term outcome (78±7% 10-year survival and 97±3% freedom from reoperation). 23 Those observations could collectively indicate an even improving outcome of SAVR-treated patients, despite a stable/worsening risk profile. This could reflect a continuous improvement process involving preoperative assessment, intraoperative surgical techniques, and postoperative care. 17
How Safe Is TAVI?
Overall, intraprocedural complications during TAVI have declined in countries with a large procedural volume from 9.4% in 2012 to 3.9% in 2014. 12 Severe TAVI complications such as annular rupture, aortic dissection, or coronary occlusion now occur in <0.3% of patients, and the rate of conversion to open heart surgery has declined to 0.6% in 2014. 12 In the large German experience, 12 vascular complications have declined from 8.5% in 2013 to 6.5% in 2014. In-hospital stroke rate became comparable between TAVI (2014: 1.4%) However, some important complications of the procedure are still fairly common when compared with SAVR. In a metaanalysis of 39 studies (n=13 130 patients, type of device not specified), TAVI was associated with an increased risk of permanent pacemaker implantation (odds ratio [OR]=3.2), major vascular complications (OR=7.1), and aortic regurgitation (AR; OR=7.4). Compared with SAVR, TAVI was associated with a lower incidence of new-onset atrial fibrillation (AF; OR=0.35), bleeding requiring transfusion (OR=0.39), and acute kidney injury requiring hemodialysis (OR=0.86). 24
Cerebral Embolism
Concerns have been raised about an observed higher early risk of neurological events associated with TAVI compared with SAVR. 25 High-intensity transient signals have been detected by transcranial Doppler in all patients undergoing TAVI using a balloon or a self-expandable prosthesis through a transfemoral or a transapical approach. 26 In the UK TAVI registry, periprocedural stroke was shown as the strongest independent procedural predictor of long-term mortality (hazard ratio, 3.00; P<0.0001). 13 In Placement of Aortic Transcatheter Valves (PARTNER) 1 trial, 25 periprocedural stroke was associated with ≈2to 6-fold increase in hospital mortality, a 3-to 12-fold increase in mortality at 30-day, and a 2-to 16-fold increase in longterm mortality. 26 However, although periprocedural stroke or transient ischemic attack was more common after TAVI than after SAVR at 30 days (5.5% versus 2.4%; P=0.04), this difference gradually decreased and by 5 years, the difference had dissipated (TAVI, 14.7% versus SAVR, 15.9%). 27 One concern about interpreting PARTNER trial results is that a neurologist was not involved in the neurological assessment of patients, with potential under-reporting of neurological events. However, under-reporting, if ever existed, would occur equally in both treatment groups.
In the more contemporary 2-year results from the CoreValve US pivotal trial (high-risk cohort), the incidence of stroke at 2 years tended to be lower in the TAVI group than in the surgical group (10.9% versus 16.6%; P=0.05). In this study, a specialized neurological surveillance was routinely adopted increasing the credibility of observed results. Although the high stroke rate (16.6%) in surgical patients in this study was not clearly explained, the higher prevalence and new annual incidence of AF in post-SAVR patients may have contributed to this phenomenon. 28
Predictors of Neurological Events After TAVI: Relation to Baseline Risk
Risk factors for early post-TAVI neurological events are preexisting/new-onset AF, 29, 30 smaller aortic valve area index at baseline, 25 postimplantation balloon dilation, and valve embolization/dislodgement. 30 Risk factors for late neurological events reflect the overall risk of stroke among elderly people undergoing TAVI rather than the procedure-related hazards and include functional impairment (New York Heart Association class), history of stroke within 6 to 12 months before TAVI, chronic AF, cerebrovascular disease, 30 and assignment to transapical approach 25 -a marker of the burden of vascular diseases and a predictor of new-onset AF. 30, 31 Therefore, it is increasingly recognized that neurological complications occur more frequently after TAVI than after SAVR early after the procedure, but thereafter the risk is more determined by the inherent patient's risk. 25 
Subclinical Embolization and Silent Brain Infarcts
In the large general population-based Rotterdam Scan Study, the presence of silent brain infarcts more than doubled the risk of dementia and was associated with a steeper decline in global cognitive function. 32 Using cerebral diffusion-weighted magnetic resonance imaging, the rate of silent brain infarcts after TAVI ranged from 68% to 91.5% [33] [34] [35] [36] [37] compared with <50% in SAVR patients. 33, 38 The clinical correlates of these infarcts are not clearly known. In the short postprocedural period (≤3 months), no direct relation could be demonstrated between those infarcts and cognitive dysfunction 38, 39 and health-related quality of life. 35 In the longer term follow-up (≤2 years), the risk of cognitive dysfunction (which was generally low) was determined by age, but not by the burden of brain infarcts. 40
Future Perspective of Brain Protection in TAVI-Treated Patients
Using smaller delivery systems, restricting procedural interventions to the minimal needed, cerebral protection devices, and evidence-based periprocedural antithrombotic therapy (especially for those with preexisting/new onset AF) are countermeasures to reduce the risk of periprocedural stroke.
Relatively small exploratory studies showed the feasibility and safety of using cerebral protection devices during TAVI with a complete cerebral vessel coverage in the majority of patients. This was associated with a reduction in brain ischemic lesion volume, but efficacy in preventing cerebral microembolism and new transient ischemic lesions is still contentious. 41, 42 Concerns have been raised about lengthening the procedure and more instrumentation, further increasing the risk of thrombogenicity. 43 Some authors 43 proposed that this might have contributed to the unexpectedly high thrombotic burden (in 52% of patients) revealed by histopathologic examination of embolic debris captured in the device filter. 44 The justification of the currently recommended dualantiplatelet therapy after TAVI has recently been questioned, whereas arguments supporting a potential benefit of oral anticoagulation have emerged. 45, 46 A large proportion of strokes occur during the recommended period of dual-antiplatelet therapy 47 and the majority of reported cases of TAV thrombosis took place after completing, or despite on-going, dual-antiplatelet therapy. 48 Warfarin anticoagulation has been recently shown to be associated with a lower risk of TAV leaflet thickening and immobility (surrogates of subclinical thrombosis). TAVI for Lower-Risk Patients With AS The latter occurred in 10% to 40% 45, 49 of screened patients (treated by different TAVs) and was associated with increased risk of stroke or transient ischemic attack. 45 This observation is expected to further provoke a serious search for an evidencebased antithrombotic regimen. Table I (Data Supplement) summarizes some upcoming trials exploring the optimal peri-TAVI antithrombotic therapy.
Conduction Defects and Pacing
Data on pacing-induced cardiopathy are conflicting. Life expectancy among permanent pacemaker recipients, including surgical patients, 50 without significant comorbidity was reported to be comparable with that of the general population. 51 In other studies, however, cardiac pacing was shown to induce electric and mechanical ventricular dyssynchrony, abnormalities in myocardial perfusion and chronic adverse left ventricular remodeling 52, 53 and lead to adverse cardiovascular outcomes. 53, 54 Ventricular desynchronization induced by ventricular pacing was also shown to increase the risk of heart failure hospitalization and AF, 55 with the risk of heart failure being higher in those with preimplantation older age, AF, myocardial infarction, or lower ejection fraction 54, 56 and in those with a long (>3 years) pacing 52,54,57 and a high percentage of cumulative pacing. 58 Therefore, pacing-induced cardiac dysfunction seems to reflect the interaction between the negative electromechanical sequelae of ventricular pacing and the preexisting cardiac morbidity and to be related to the duration of pacing.
Many studies failed to demonstrate a negative effect of permanent pacing on clinical outcomes in TAVI patients. [59] [60] [61] Short follow-up time and low percentage of cumulative pacing (because of the fact that >50% of patients requiring permanent pacemaker after TAVI are not pacing dependent 62 ) might account for these findings.
Data from PARTNER 1 trial contrast with those earlier reports exonerating permanent pacemaker from association with worse outcome after TAVI. TAVI patients with a new or previous permanent pacemaker were shown to have significantly longer hospitalization, 63 higher mortality and rehospitalization, and lower ejection fraction at 1 year. 64 Although this study included a large number of patients and event adjudication committee ensured data quality, the results were not adjusted for the occurrence of renal failure requiring dialysis and the need for hemodynamic support during the procedure, both of which were more frequent in patients who required a permanent pacemaker. 57 Notably, important interdevice differences in the rates of permanent pacing exist. In healthcare systems mainly utilizing a balloon-expandable device, lower rates of permanent pacemaker implantation are reported (6.6% in the STS/ACC TVT registry 10 ). In PARTNER 1 trial, TAVI was not associated with an increased risk of permanent pacing compared with SAVR (6.4% versus 5.3% at 1 year and 9.7% versus 9.1% at 5 years). 27 A significantly higher incidence of permanent pacemaker was observed in the more recent nonrandomized continuous access cohort (9.6%) than in the earlier randomized cohort (5.6%). This finding, which is to date poorly understood, indicates that this complication of TAVI is not expected to vanish only by increasing the centers'/ operators' experience. Moreover, newer balloon-and selfexpandable TAVI devices are provided with improved paravalvular sealing mechanisms, but no specific features seem to have been implemented to reduce the incidence of conduction defects. 57 Compared with the second-generation device, the third-generation balloon-expandable prosthesis demonstrated a significantly improved paravalvular sealing, whereas the need for permanent pacemaker did not improve, with a trend toward a higher rate of new-onset conduction abnormalities. 65, 66 Some procedural precautions might reduce the risk of postimplantation conduction abnormalities. Although deep implantation has long been considered the main correctable cause of new-onset conduction defects after TAVI, 67, 68 results of the CoreValve Advance-II Study: Prospective International Post-Market Study (ADVANCE II) trial did not promote confidence in this concept. An optimal implantation depth could be achieved in only 43% of patients and led to a nonsignificantly lower need for permanent pacemaker implantation compared with deep implants. 69 Another potentially correctable cause of new-onset conduction defects is a higher prosthesis diameter/left ventricular outflow tract diameter ratio 63 -a relation that needs yet to be further confirmed. Modest balloon predilation in patients implanted with a self-expanding prosthesis has also been reported to reduce the permanent pacemaker implantation rate without affecting procedural success. 70 Finally, adherence to guidelines of indications for pacing and adjusting the criteria for and timing of pacemaker implantation after TAVI are thought to reduce the rate of pacemaker implantation given the high rate of spontaneous resolution and the low rate of pacemaker dependence in TAVI patients with new-onset conduction defects. 62, 63, 69 To explore the possibility of expanding TAVI toward lower-risk and younger patients, technological and procedural improvements to reduce the need for permanent pacemaker implantation or more solid evidence of a safe long-term outcome of permanent pacemaker is needed.
Vascular Complications
Vascular complications were frequent (major: 15.3% and minor: 11.9%) after TF-TAVI in the PARTNER 1 trial (using a first-generation device through a 22F or 24F sheath). Major vascular complications were associated with significantly higher 30-day rates of major bleeding, transfusions, and renal failure requiring dialysis, and with a significantly higher rate of 30-day and 1-year mortality. The only identifiable independent predictor of major vascular complications in PARTNER 1 trial was female sex (hazard ratio, 2.31). 71 Other studies demonstrated an important role of the delivery system caliber and the sheath/femoral artery diameter ratio, moderate or severe calcification, and peripheral vascular disease 72 in increasing the risk of vascular complications. 73, 74 Accumulating experience, 75 smaller sheaths, [75] [76] [77] rigorous angiographic and multislice computed tomographic 74 screening, and improved vascular closure techniques were increasingly used and resulted in a markedly lowered rate of vascular complications. 72 The use of newer vascular closure devices is associated with lower rates of major vascular complications TAVI for Lower-Risk Patients With AS (3.7% versus 9.1%) and life-threatening/disabling bleeds (3.2% versus 7.7%) when compared with the older devices. 78 Non-TF-TAVI as an alternative in vasculopathic patients is not without a price to pay. Patients undergoing a nontransfemoral procedure experience a higher incidence of most adverse events compared with those having a transfemoral procedure. 10 The likelihood of adverse periprocedural events and prolonged recovery is greater after transapical-TAVI access than after TF-TAVI in patients with peripheral vascular disease after adjusting for differences in cardiovascular risk factors. 79 Therefore, there is a global trend toward adopting the transfemoral access as the default TAVI approach 12, 80 
Aortic Regurgitation
Moderate-to-severe AR adversely affects mortality, morbidity, and reverse cardiac remodeling after TAVI. 81 Important reductions of moderate-to-severe AR could be achieved using multislice computed tomographic-based valve sizing. 82, 83 Newer devices-some are repositionable and totally retrievable-are provided with effective paravalvular sealing mechanisms, and their use is associated with a very low rate of moderate-tosevere AR. [84] [85] [86] [87] Although the deleterious effect of greater than mild AR after TAVI is well taken, the reported malignant effect of mild AR 88 is more challenging to explain. Although some authors consider this association with worse outcome justified by the sudden conversion of the left ventricle from pressure to volume overload, 89 some refer to misclassification of moderateto-severe into mild as the explanation of this association. 90 The latter hypothesis is further supported by the inconsistency of data on post-TAVI AR incidence (ranged from 40% to 67% for trivial to mild and from 7% to 27% for moderateto-severe 91,92 ), fate (described as improving, 93 deteriorating, 94 stable, 95 and variable 93, 96 ) and relation to outcomes (ranged from no relation 97 to a strong relation of even mild AR 98 ). In a recent dedicated transesophageal echocardiographic analysis of 352 patients treated with Sapien and Sapien XT valves, 91 moderate-to-severe AR was seen in 27% of cases, which is more than double the rate reported in PARTNER trial. 98 Standardized assessment of post-TAVI AR, as defined by the Valve Academic Research Consortium (VARC), relies on echocardiography. However, periprocedural diagnosis is often based on angiography. Intertechnique reproducibility is imperfect. 91, 99 Moreover, the VARC-proposed cut points defining AR severity are either not well-validated 100 or extrapolated from echocardiographic experience in native AR. Establishing a consensus on how to best detect and quantitate regurgitation after TAVI should go side by side with the improvements in antileak technologies before TAVI can be regarded as default therapy in younger, lower-risk patients.
Is TAVI as Durable as SAVR? Surgical Prosthetic Valve Durability
After SAVR, the rate of freedom from reoperation or death at 5, 10, and 15 years is 95%, 101,102 70-90%, 103 and 50% to 80%, 103 respectively. Freedom from reoperation or death, however, is not synonymous to freedom from structural valve deterioration (SVD).
The reported rates of late SVD requiring reoperation vary widely, from 6% to 47% by 12 to 20 years, after surgery [104] [105] [106] but are generally lower (15%-19% at 15 years) in patients treated with the second-generation Hancock (Medtronic, Minneapolis, MN) 107, 108 and Carpentier-Edwards (Edwards Lifesciences LLC, Irvine, CA) 109 valves that have many improvements including treatment with anticalcification agents. 107 After introduction of the third-generation bioprosthesis, an even lower rate of SVD (<8% at 12 years) has been reported, 110 interestingly, with no difference between the younger (≤60 years) and older age groups. In the Valve-in-Valve International Data (VIVID) Registry, median time from SAVR to reintervention for SVD was 9 (interquartile range, 6-12) years. 111
TAVI Durability
Concerns were raised about the possibility of early structural deterioration of TAVs as a result of possible leaflet damage during the crimping process and the asymmetrical/incomplete expansion with secondary suboptimal leaflet coaptation. 95 This concern would be even more relevant when TAV bioprosthesis is implanted in younger, 103 lower-risk patients with expected longer survival.
Durability of the clinical benefits and the valve integrity after TAVI has been shown in the 5-year data from the PARTNER 1A trial. 27 Valve hemodynamics (valve area, 1.6 versus 1.5 cm 2 ; P=0.29 and mean pressure gradient, 10.7 versus 10.6 mm Hg; P=0.92) were much the same in TAVI and SAVR groups. 27 Moderate-to-severe paravalvular regurgitation was, however, more common in TAVI than in SAVR group and was associated with higher mortality. Notwithstanding, <60 patients in the TAVI arm were alive and had echocardiographic data available at 5 years, and 5 years is a too short time to expect differences in durability between transcatheter and surgical prostheses.
In a series of 122 patients (treated with balloon-expandable or self-expanding TAVs, with a median follow-up of 3.6 years), 5 patients had prosthetic dysfunction 112 (3 patients had mild-to-moderate stenosis developing at 1.3-5 years and 2 had transvalvular moderate-to-severe AR developing at 2 and 4.8 years).
Five-year follow-up data are also available from 353 patients treated with the self-expanding CoreValve. 113 On echocardiography, mean pressure gradient slightly increased at 5 years (from 10.3±6.5 post implantation to 12.8±10.9 mm Hg). Late significant prosthesis failure occurred in 5 cases (1.4%; 2 patients with symptomatic prosthesis stenosis at days 1693 and 1465, 1 case of endocarditis with severe AR at day 1681, 1 case of asymptomatic valve degeneration with severe AR at day 1674, and 1 case of worsening-from moderate-tosevere paravalvular AR at day 355). Ten other patients (2.8%) showed late moderate stenosis (mean pressure gradient, 20-40 mm Hg).
In a recent systematic review of reported cases of TAV failure by Mylotte et al, 48 SVD was reported in 13 individual cases (9 SAPIEN and 4 CoreValve) including moderate prosthesis stenosis or regurgitation in 5 cases, severe stenosis in 5, and severe regurgitation in 3 cases. Structural valve failure was attributed to severe leaflet calcification (n=3), cusp rupture (n=1), TAV underexpansion (n=2), and tissue ingrowth (n=2) causing restrictive leaflet function. TAVI for Lower-Risk Patients With AS Although to date infrequent or under-reported, it is increasingly recognized that TAVs are susceptible to several failure modes, some are similar to those of surgical bioprosthetic valves and others are unique to TAVs. 48 Although the data of the first 5-year follow-up studies are encouraging, the existing studies were too small and the follow-up period was too short to address valve failure as a safety end point.
TAVI in Lower-Risk Patients: What the Evidence Shows The Nordic Aortic Valve Intervention Trial
Nordic Aortic Valve Intervention (NOTION) trial 114 was a randomized trial comparing TAVI (with a CoreValve, via a transfemoral [96.5%] or subclavian approach) and SAVR in all comers >70 years old with AS enrolled between December 2009 and April 2013. The study retained 95% of patients at 2-year follow-up and used VARC-2 definitions for end points.
The composite rate of all-cause mortality, stroke, and myocardial infarction at 1 year was the primary end-point.
In the intention-to-treat analysis, the rate of primary outcome at 1 year was 13.1% versus 16.3% for TAVI and SAVR, respectively (P=0.43 for superiority). By 2 years, those numbers were 15.8% and 18.8% (P=0.43). 115 Mortality (all-cause and cardiac) remained similar between surgically and transcatheter-treated patients at 2 years.
TAVI patients had more conduction defects requiring a permanent pacemaker, moderate-to-severe AR, and minor vascular complications, whereas SAVR patients had more bleeding complications, cardiogenic shock, acute kidney injury, new-onset or worsening AF, and a longer hospital stay.
Interpretation of the Results of NOTION Trial
1. During a period of ≈3.5 years, 1576 patients in 3 hospitals were evaluated by heart teams, but only 280 patients were included in the study. It is difficult to describe a study that enrolled <20% of screened patients as an allcomers trial. 116 
The NOTION trial was designed to test TAVI's superior-
ity with the sample size calculated on the assumption that primary outcome would occur 3 times more frequently in the SAVR group (15% versus 5%). 114 Given the much less observed outcome difference (16.3% versus 13.1%) than expected, it turns out that NOTION is an underpowered study that provides valuable but not definitive data. 116 To have a positive superiority study in low-risk patients (in whom SAVR is an effective therapy), it must be adequately powered. 3. Patients were excluded if they had another severe heart valve disease or coronary artery disease requiring intervention, previous cardiac surgery, severe renal failure requiring dialysis, or pulmonary failure, and outcomes for this large patient population cannot necessarily be inferred from this trial. In fact, some important fairly common comorbidities in typical patients undergoing isolated SAVR 17 were considered as exclusion criteria in the NOTION trial. Table 1 compares the baseline characteristics and the 30-day outcomes of patients treated with isolated SAVR in the NOTION trial and in the STS national database. 17 Despite close average STS-PROM (3.1% versus 2.95%), important differences in patients' risk existed (Table 1 ). a. Differences between self-expanding and balloon expandable valves (eg, in AR and pacemaker requirement) have been rigorously described. 118 Extrapolation of the results of the NOTION trial to patients treated with other devices should thus be cautious. Also, many patients in the NOTION trial were treated with outmoded TAVI technologies and in the early experience (starting from December 2009) of participating centers. Again, extrapolation of the results to patients treated with a more advanced technology by more experienced providers might not be correct. (Table 2 ) and procedural characteristics between patients in the NOTION trial and in the CoreValve US pivotal trial (both utilized similar TAVI technologies), some important differences in outcomes are noteworthy. In the CoreValve pivotal trial (high-risk cohort), 119 TAVI patients had a significantly lower mortality with no significant difference in functional status than SAVR patients at 1 year. In NOTION, the lower rate of mortality in TAVI patients did not reach statistical significance and patients were more likely to have residual symptoms (New York Heart *In the STS registry, operative mortality was defined as death during the same hospitalization as surgical aortic valve replacement or after discharge but within 30 days of surgical aortic valve replacement. TAVI for Lower-Risk Patients With AS Association ≥2) at 1 year if treated with TAVI versus SAVR. The rates of moderate-to-severe AR (15.7%) and permanent pacemaker implantation (34.1%) after TAVI were higher than seen in the CoreValve pivotal trial (6.1% and 19.8%, respectively), and this might have contributed to eroding the mortality and symptomatic benefit of TAVI in the NOTION trial. On the contrary, there was a markedly lower rate of neurological events in this trial than in the CoreValve pivotal trial that was evident in both arms (TAVI and SAVR). Formal neurological assessments were done to all patients in the CoreValve pivotal trial but not in the NOTION trial, and more subtle neurological events might have been overlooked in the latter.
After considering the important dissimilarities in baseline

Other Observational Data
Tamburino et al 120 found that the outcome of patients, principally treated with a CoreValve, who were at lower risk (logistic EuroSCORE [LES] <20%), is better than those at higher risk (30-day and 1-year mortality rate, 2.4% and 6.8% versus 15.6% and 25.7%). The rate of major adverse cardiovascular events was also lower at 30 days (6% versus 20.8%) and at 1 year (11.4% versus 27.1%).
Lange et al 121 subcategorized TAVI patients into quartiles defined by enrollment date. A lower estimated risk was demonstrated in the later quartile (STS-PROM, 4.8±2.6%) than in the earlier quartile (STS-PROM, 7.1±5.5%). The earlier quartile with a higher risk had numerically higher rates of 30-day mortality (11.4% versus 3.8%), stroke/transient ischemic attack (6.7% versus 1%), vascular complications (28.6% versus 14.7%), and permanent pacemaker implantation (24.8% versus 18.6%) and 6-month mortality (23.5% versus 12.4%), with the difference being statistically significant for vascular complications (28.6% versus 14.7%; P=0.01). Caution should be exercised as we look at these results that reflect the combined effect of lowered patients' risk and the improving technology and expertise in the later quartile of patients. After adjustment for baseline characteristics, there was no significant difference between the 2 quartiles in 30-day and 6-month mortality rate, denoting that the major part of the mortality benefit was derived from the improved baseline risk.
Similar results were also reported in a study by Wenaweser et al, 8 where patients were divided according to their baseline predicted risk into low-risk (STS-PTOM <3; n=41), intermediate-risk (STS-PTOM 3-8; n=254), and high-risk (STS-PROM >8; n=94) groups. Thirty-day (2.4% versus 3.9% versus 14.9%) and 1-year (10.1% versus 16.1% versus 34.5%) all-cause mortality increased with increasing predicted risk. No differences were observed, however, with regards to neurological events and myocardial infarction during a 1-year follow-up.
Similar results were demonstrated in the ADVANCE study (n=1015 patients), where the 1-year rates of all-cause mortality were 23.6%, 16.5%, and 11.1% in patients with an LES of >20%, 10% to 20%, and ≤10% (P<0.05). 122 More recently, data from the PARTNER Sapien 3 registry provided a large-scale assessment of intermediate-risk patient 116 Although these results from observational comparisons of TAVI outcomes in different patients' risk strata imply that a significantly better clinical outcome is expected in lower than in higher risk patients, they do not answer the more important question: Are those patients better treated with TAVI or with the default therapy-SAVR? Table 3 summarizes the results of 3 studies where intermediate-to low-risk patients treated with TAVI were propensity-score matched with SAVR-treated counterparts. 14, 123, 124 Mortality, stroke, and myocardial infarction at 30-day and mortality at 1 year were comparable after both treatment strategies. However, important differences exist in other outcome measures. Major bleeding 123, 124 (1.5-fold) and acute kidney injury 124 (1.8-fold) were more common after SAVR while major vascular injury 123, 124 (5-to 14-fold), permanent pacemaker implantation 123, 124 (4-to 15-fold) and AR 123, 124 (mild: ≤21-fold, moderate to severe: 2-to 3-fold) were more common after TAVI.
Two randomized trials, designed to investigate the safety and efficacy of TAVI in intermediate-risk patients, began enrollment a few years ago. PARTNER 2A trial (NCT01314313), in which patients are randomized to TAVI using a balloon-expandable valve or SAVR, completed enrollment in 2014 with the results expected in 2016. The Surgical Replacement and Transcatheter Aortic Valve Implantation (SURTAVI; NCT01586910) trial, which has a similar design using a self-expanding valve, is continuing enrollment. 116 Figure 2 . Utility vs futility of transcatheter aortic valve implantation (TAVI) at different levels of patients' risk. As any other treatment, TAVI can be utile or futile depending on the balance of the benefit gained, the treatment-related risks and the costs imposed on the community. In the pathophysiologic development of symptomatic severe aortic stenosis, ultrastructural changes are followed by phenotypic valve changes eventually leading to a disturbed physiology. After a long preclinical period, once symptoms develop the need for intervention becomes unavoidable but the risk of intervention could be low, high, or unacceptable basically determined by age and comorbidities. BAV indicates bicuspid aortic valve; QALY, quality-adjusted life years; and SVD, structural valve deterioration. TAVI for Lower-Risk Patients With AS
Cost-Effectiveness Issues
With penetration rates (the actual rate of TAVI procedures relative to the number of potential candidates) of 3% to 36.2% in Europe 11 and ≈50% in the United States, 125 expanding the indications to an additional patient stratum is not logical if adequate cost-effectiveness cannot be proved first.
Elderly patients with severe AS treated conservatively have limited survival and incur substantial costs to the medical care system. 126 TAVI was shown to be cost-effective when compared with conservative treatment in symptomatic patients who are not candidates for SAVR, [127] [128] [129] [130] [131] [132] and it was even more cost-effective in the subgroup of anatomically inoperable than medically inoperable patients 133 and in those with a lower burden of noncardiac comorbidities. 134 Compared with SAVR in operable high surgical risk patients, evidence of cost-effectiveness of TAVI is much less consistent. 127, 129, [134] [135] [136] In an intermediate-risk cohort with severe AS, in-hospital, follow-up, and total 1-year costs were all higher for TAVI than for SAVR. 137 The difference was mainly caused by the higher costs of the valve and was not compensated by the lower costs of blood products and hospital stay. 137 This higher cost would be even more pronounced in countries with lower healthcare costs where a high cost of the valve outweighs benefits of reducing the low-cost hospitalization and follow-up. 138 TAVI complications significantly increase the costs of the procedure. 139 In the PARTNER trial, periprocedural complications accounted for ≈25% of nonimplant-related hospital costs. 140 Major bleeding, arrhythmia, and death accounted for the largest attributable cost per patient. 140 TF-TAVI performed in a catheterization laboratory without general anesthesia or transesophageal echocardiography (minimalist approach) confers an effectiveness compared with the classic hybrid operating room setting. 141 The shorter length of stay and lower resource consumption significantly lower hospital costs. 9 Another cost-sparing approach is selective early discharge. 142 As new studies investigating the cost-effectiveness of TAVI in intermediate-to low-risk patients are anticipated, 2 lessons from previous studies should be recalled. The first is to conduct those studies in a sponsor-independent environment (putting in mind that studies funded by industry are more likely to report favorable cost-effectiveness ratios 143 ). For example, a sponsor-independent health technology assessment commissioned by the Belgian government concluded that the Belgian health authorities should pay for Table 4 ‡Landing zone calcification, aortic root dilation, and aortic annular size (patients with large annuli are more prone to paravalvular AR and those with smaller annuli are more prone to prosthesis-patient mismatch). TAVI for Lower-Risk Patients With AS TAVI in only a minority (10%) of patients considered for treatment-those who are considered inoperable because of technical reasons such as previous operations or irradiation of the chest wall. 144 The second precaution is avoiding intercountry generalization of results especially those driven from hospitalization/follow-up costs that considerably vary across different countries.
. Pros and Cons of Transcatheter Aortic Valve Implantation (Compared With Surgical Aortic Valve Replacement) as a Default Therapy of Lower Risk, Younger Patients With Aortic Stenosis
Utility/Futility Perspective
Cost-effectiveness is to date a weakness point of TAVI adoption in lower risk patients. However, and as this is mainly The question of utility/futility is, in fact, more important and difficult to answer. This concept is wider and more complex than the simple efficacy, safety, and cost-effectiveness concepts (Figure 2 ). To achieve the best utility and the least futility (to the patient and the community), patient's morbidity profile and the burden it imposes to the healthcare system, procedural costs, risks and expected benefit (in terms of quality-adjusted life years [QALYs]), as well as durability of the prosthesis should all be taken into account. Table 4 summarizes the advantages and disadvantages of TAVI compared with SAVR.
A Word of Caution: How Accurate Can We
Predict the Risk?
The dilemma of extending TAVI indications and directing its penetration is based on patients' risk stratification. The 2 risk models most commonly used for risk stratification of patients planned for TAVI are the LES and the STS-PROM systems. The LES (predominantly derived from data of 14 799 patients undergoing coronary artery bypass grafting 145 ) has been clearly demonstrated to overestimate (by 3-to 7-fold) the expected mortality in high-risk patients undergoing SAVR. 145, 146 The STS-PROM risk model was derived from data of 67 292 patients undergoing isolated SAVR. 147 In the highest-risk patients, observed mortality was shown to be much closer to the STS-PROM (with an underestimation by a factor of 0.8) than to the LES (with a 3-fold overprediction). 148 Although the STS score outperformed LES, 149, 150 EuroSCORE II, and age-creatinine-ejection fraction scores 150 in multiple studies, it can only provide moderate discriminatory power for predicting mortality after TAVI. 151 New versions of both the LES (EuroSCORE II) and the STS score (STS 2.73) have been developed, but data are still insufficient to judge their accuracy. 152 Some studies reported a better, yet still suboptimal, performance of EuroSCORE II especially in TF-TAVI. 151, 153 Many factors that affect mortality after TAVI (including liver disease, frailty, dementia, porcelain aorta, severe pulmonary hypertension, and previous chest irradiation) are not included in surgical risk estimation models (Figure 3 ).
More comprehensive models specific for TAVI patients were attempted. In a metanalysis of PARTNER data (n=2137 patients), 170 a multivariable model was generated to identify the risk of death or impaired quality of life at 1 year. The model conferred only moderate discriminatory power (C-statistic=0.66).
The TAVI risk score included besides sex and age; body mass index, glomerular filtration rate, hemoglobin, pulmonary hypertension, mean aortic pressure gradient, and left ventricular ejection fraction at baseline. 171 Compared with other available risk evaluation schemes, the TAVI risk score algorithm showed a modestly higher C-statistic for predicting 1-year Figure 4 . The Society of Thoracic Surgeons (STS) score in Surgical Replacement and Transcatheter Aortic Valve Implantation (SURTAVI) trial. In the first 600 patients (blue dots), the rule-with few exceptions-was to include patients with a STS-predicted risk of operative mortality (PROM) of ≥4 (but <10). In the second period (orange dots), inclusion did not rely on STS score but on the heart-team's estimation of a 30-d mortality risk of ≥3% utilizing a list of incremental risk factors. Accordingly, the average STS score significantly dropped (from 5.53 to 3.99) with a trend toward further lowering. Meanwhile, the prevalence of some noncardiovascular incremental risk markers (eg, frailty and nocturnal bilevel positive airway pressure [Bi-PAP] use) progressively increased, whereas other risk markers (eg, age, pulmonary hypertension, and history of stroke) decreased. 174 TAVI for Lower-Risk Patients With AS mortality (0.66 versus 0.57−0.62 for the German Aortic Valve Registry [GARY] score, EuroSCORE II, LES, and STS score) with a further slight improvement of the C-statistic when frailty was added to the model.
The SURTAVI model 172 is another example, among few other examples, of a TAVI-oriented risk stratification system. The model included risk factors, ignored by classic surgical risk scores, that are relatively prevalent, easy to capture, and with a reasonable impact on operative mortality. 172 In addition to age, significant coronary artery disease, frailty, LV dysfunction, neurological, pulmonary, peripheral vascular and renal diseases, redo cardiac surgery, pulmonary hypertension and diabetes mellitus were included in the risk model. Data supporting the inclusion of risk parameters and the relative weight of each were, however, mainly derived from surgical series and an experimental retrospective application of the model finally involved a predominantly surgical cohort. 172 Another attempt to test the model in a small TAVI cohort showed no advantage over other established risk models. 173 Further prospective large-scale validation did not take place.
The concept was, however, increasingly applied in the SURTAVI trial, and the incremental risk markers (of the SURTAVI risk model) are used complementarily by the heart team to risk-stratify patients before enrollment. In the last phase of enrollment (version 8), patients with an STS score of <4% were possibly enrolled if considered at ≥3% risk of 30-day mortality based on the incremental risk model analogous to the SURTAVI model. 174 Interestingly, when risk estimation relied on this model (instead of the STS score), the risk profile of patients showed a significant shift (Figure 4) . Prospective large-scale validation of SURTAVI model remains, however, the only way to prove its discriminatory power.
Novel Risk Markers
Some novel markers of risk are proposed to be complementary to the current heart-team and risk-scores strategies (Figure 3) . Examples of investigated biomarkers include growth differentiation factor 15, 168,169 soluble ST2, 168 and N-terminal pro-B-type natriuretic peptide. 168 Complementing the STS score with growth differentiation factor 15, soluble ST2, and N-terminal pro-B-type natriuretic peptide improved its 1-year survival C-statistic from 0.667 to 0.702. 168 Similarly, supplementing the EuroSCORE II with growth differentiation factor 15 improved its 1-year survival C-statistic from 0.711 to 0.743. 169
Future Perspective: Power Calculation and End Point Definition for Upcoming Trials
As shown in Figure 5 , mortality trends after TAVI versus SAVR diverge in favor of TAVI at higher STS-PROM but start to overlap when PROM drops <10%. As initial comparisons between both treatment strategies were performed in the highest patients' risk stratum, it was easy to demonstrate noninferiority and even reflex superiority, of TAVI. If we consider this linear relationship, only strict noninferiority is the reasonable end point when lower risk patients are 16 ; CoreValve US pivotal (high risk) 93 ; Placement of Aortic Transcatheter Valves (PARTNER) 1A 155 ; French Aortic National CoreValve and Edwards (FRANCE 2) registry. 157 TAVI for Lower-Risk Patients With AS studied. Besides the hard clinical end points of mortality and stroke that will require a large sample size to prove noninferiority, the overall clinical risk/benefit ratio (which weighs early and late symptomatic and quality of life benefits versus mortality) might be an alternative end point. From a societal point of view, cost-effectiveness can also be a future target but only after the device price becomes more affordable and not inflated by the consideration of return on investment.
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